A review is given of pulsed NQR spin-lattice relaxation measurements on the rhombohedral semimetals, arsenic (As) and antimony (Sb). The nuclear spin-lattice relaxation time 7\ has been measured in the temperature range 100 mK-600 K. The data follow the Korringa relation at low temperatures, but deviations from this relation are found as the temperature is increased. The results are quantitatively explained by considering interactions of the nuclei with the carriers at the Fermi surface. Above the Debye temperature (0 D ) the data may be understood by including a two phonon process in the analysis. The relaxation data for As and Sb are found to scale with d D . T x has been measured for As at 295 K in the pressure range 0-10 kbar. The results are discussed in terms of changes in the Fermi surface parameters.
Introduction
The Group V semimetals crystallize in the rhombohedral A 7 structure [1] . This gives rise to an axially symmetric electric field gradient at each nuclear site. The naturally occurring isotopes in these materials have nuclei with large quadrupole moments, and they are ideal candidates for NQR. Measurements of the quadrupole resonance frequencies as a function of temperature and pressure [2] [3] [4] [5] have been undertaken by several workers using continuous wave NQR. Pulsed NQR measurements of nuclear spin-lattice relaxation effects [6] [7] [8] [9] have shown that nucleus-carrier interactions play an important role at lower temperatures. It has been suggested that nucleus-phonon interactions may make important contributions as the temperature increases [8] .
Theoretical Considerations
The rate equations describing nuclear spin-lattice relaxation have been derived for I = | and I = | using a procedure developed by MacLaughlin et al. [10] . For I = | the relaxation is governed by two exponentials and a unique cannot be defined, unless it is assumed that quadrupolar interactions are negligible. The rate equation for I = § is governed by a single exponential and can be defined, in terms of magnetic (W m ) and quadrupolar (W Q1 , W Q2 ) transition rates as follows:
The quantities W m , W Q1 , and W Q2 have been calculated for interactions of the nucleus with the carriers at the Fermi surface (FS). The Fermi surfaces of As and Sb have been studied experimentally [11] [12] [13] [14] and theoretically [15, 16] , and may be approximated by ellipsoidal pockets distributed in /c-space. The calculations of Mitchell [17] for a spherical FS have been extended to the non-spherical FS of As [18] and Sb [8] .
Both contact and non-contact interactions were considered. Using available free atom wavefunctions [19] and measured FS parameters obtained from the literature [13, 14] , we calculated the transition rates at 77 K. The results are shown in Table 1 . The expression for the dominant magnetic relaxation contribution, the contact term W*, is where g(E F ) is the density of states at the FS, and |w t (0)| 2 is the probability density of the carriers at the nucleus. The Knight shift has been estimated using the free atom wavefunctions. Comparing the results with those for Sb obtained using good crystal wavefunctions [20] , it is clear that the free atom wavefunctions for the p-wave carriers are very different from the crystal wavefunctions. The calculations suggest that the non-contact terms in Table 1 may be underestimated by as much as 10 6 .
The interaction of the nucleus with acoustic phonons may also contribute to spin-lattice relaxation. A simple model, that employs the Debye approximation for the phonon density of states, is used to estimate the phonon contribution [21] . The quadrupolar transition rates may be written as
where ß -\/kT, n takes the values 1 and 2, the quantities F ß depend on the crystal structure, m is the atomic mass, v is the velocity of sound in the crystal and co D is the Debye frequency. The Debye temperature is given by h oj d = k 0 D (0 D = 282 K for As, 0 D = 210 K for Sb). The integral in (3) may be re-written in order to obtain the temperature dependence of the transition rates as
In the high temperature limit T^9 D this gives a T 2 dependence for the transition probabilities.
Experimental Details
The samples used in the experiments consisted of high purity (99.9995%) material which was crushed to 25 pm before annealing and sealing in ampoules. Relaxation measurements were made with a pulsed NQR spectrometer operating in the range 21-23.5 MHz. Spin-echo methods were necessary, with digital signal averaging used to improve the signal-to-noise ratio.
Low temperature measurements were carried out in an Oxford Model 400 dilution refrigerator (T<4K) and in a variable temperature helium cryostat (4 K ^ T ^ 60 K). At higher temperatures various fixed temperature baths were used, as well as a furnace probe for the highest temperatures.
High pressure experiments were carried out at ambient temperature (295 K) using standard piston-cylinder techniques. The pressure in the sample chamber was monitored using a manganin-resistance gauge, and the sample holder was designed to allow the hydrostatic fluid to permeate throughout the sample.
Results and Discussion
A plot of the experimental data as a function of reduced temperature, T/9 D , is shown in Figure 1 . T x for As is defined in (2) , and the results for Sb have been obtained by assuming that only magnetic interactions contribute to relaxation processes, as discussed in § 2. The expression for 7\ in As may be written in terms of the temperature dependence of the various contributions to spin-lattice relaxation
The constants A and B in (5) were determined using the following procedure. B is set to zero and A is determined by fitting a straight line to the low temperature (Trg 88 K) As data. This value for A is substituted into (5) and the value for B determined using a least-squares fitting procedure to the full range of As data points shown in Figure 1 . The integral in (5) was determined numerically for each temperature using Simpson's rule. The curves shown in Fig. 1 Fig. 1 . Spin-lattice relaxation rate, 1/T n as a function of reduced temperature for As and Sb. The curves shown are the result of fitting the theoretical nucleus-carrier and nucleus-phonon models to the As data. The curve through the data points is a result of the fitting procedure described in the text. Fig. 2 . Spin-lattice relaxation time, T x , as a function of pressure for As. The error bars shown are the result of a linear regression analysis of the relaxation data. The curve through the data is the best fit straight line, the slope of which is given in the text. the proposed phonon mechanism. It is interesting, but fortuitous, that the magnitudes of the relaxation rates are so similar when plotted in this way.
Pressure (kbar)
The T x results for As as a function of pressure are shown in Figure 2 . Measurements were made at 295 K over the pressure range 0-10 kbar. The curve shown is the result of a linear regression analysis of the data. The slope of the line is 0.17 ms kbar -1 .
In the analysis of the high pressure Ti results, we assume that both the carrier and phonon contributions change with pressure. It should be noted that the carrier contribution to the total relaxation rate at 295 K and atmospheric pressure is greater than 70%. The pressure variation of the relaxation rate at a constant temperature may be written as
where T x c and 7\ p refer to carrier and phonon contributions to the relaxation rate, respectively. We assume that the major contribution to Tf is due to the contact interaction, in line with the calculations described in § 2. Tf (P) may be written in terms of the pressure variation of the density of carrier states at the Fermi level, q (£ f , P), if we assume that the dominant s-wave part of the carrier wavefunction at the nucleus does not change significantly with pressure. This assumption is unavoidable in the absence of good carrier wavefunctions for rhombohedral As. The fact that the free atom wavefunctions are a good approximation to the crystal wavefunctions at the nucleus, as mentioned previously, gives us some confidence in the assump-
tion. The ratio may be written as follows in Q(E F ,0) terms of the atomic volume, v0, the carrier concentration, n, and the average effective mass, m* -(m x m y m,)
1/3 , if we assume that the electron and hole FS pockets deform uniformly and at the same rate with the application of pressure:
An estimate of changes in the phonon contribution to the spin-lattice relaxation rate with pressure may be made if we assume that the elastic constants do not change significantly with pressure over the range 0-10 kbar. An estimate of Tf(P) may be determined from the ratio
and previous results for ^ [22] . T* decreases by and _" are shown in Figure 3 .
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were obtained from a calculation based on a simple model described in the text. The
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Tf ( were fitted to each set of data, where R (P) represents the relevant quantity (either q (E f , P) or m* (P)). The exponents y obtained from least-squares procedures suggest non-linear behaviour. These results may be compared with the carrier concentration measurements of Brandt et al. [23] and Rakhminina [24] , The present results show a qualitative agreement with these measurements in the pressure range investigated. The pseudopotential calculations of Pospelov [25] may be extended to calculate the pressure variation of the FS parameters. The results of such a calculation would provide a useful comparison with the results presented here.
Conclusions
Nucleus-carrier interactions play a dominant role in spin-lattice relaxation at temperatures below 0 D in As and Sb. Above d D a two phonon process becomes important, and the data for As and Sb scale with 0 D . Theoretical calculations which we have carried out can explain the observed temperature dependence in the low (T<9 D ) and high temperature regimes. Quantitative agreement of theory and experiment is obtained in the temperature range in which Korringa behaviour is observed.
Measurements of T x as a function of pressure have allowed us to study pressure-induced changes in the FS of As. The results show qualitative agreement with previous measurements and calculations. NQR may be used to obtain this information in the semimetals up to relatively high pressures using piston-cylinder techniques.
